from Roche; mouse monoclonal antibody anti-KDEL and digitonin from Calbiochem; Rabbit polyclonal antibody anti-cathepsin D from Santa Cruz; Soybean trypsin inhibitor, fi lipin and Triton X-100 from Sigma-Aldrich, Inc.; methyl-␤ -cyclodextron (CDX) from Cyclodextrin Technologies Development, Inc.; Ezetimibe-glucuronide (ezetimibe-Gluc) was a generous gift from Schering-Plough and Merck; and other reagents from previously described sources ( 14, 23 ) .
Plasmids
The plasmid expressing the EGFP-tagged full-length human NPC1L1 was described previously ( 14 ) . The Myc tagged NPC1L1 was generated by two steps. The Asc I recognition site was fi rst introduced into the sequences encoding the hydrophilic loops of NPC1L1 at the position as indicated in Fig. 1B . Then the DNA encoding 3 or 6 tandem copies of Myc epitopes (EQKLISEEDL) with AscI site at both ends was PCR amplifi ed and inserted into the NPC1L1 cDNA. The plasmids encoding the truncated versions of NPC1L1 were generated by site-directed mutagenesis based on full-length human NPC1L1. All the constructs were verifi ed by DNA sequencing.
Cell culture and transient transfection
CRL-1601 (McArdle RH7777 rat hepatoma cell), and CRL-1601/NPC1L1-EGFP that stably expresses NPC1L1-EGFP were grown in monolayer at 37°C in 5% CO 2 . The cells were maintained in medium A (Dulbecco's modifi ed Eagle's medium containing 100 units/ml penicillin and 100 g/ml streptomycin sulfate) supplemented with 10% fetal bovine serum (FBS). Cholesterol-depleting medium is medium A supplemented with 5% lipoprotein defi cient serum (LPDS), 10 µM compactin, 50 µM mevalonate, and 1.5% CDX. Cholesterol-replenishing medium contains medium A supplemented with 5% LPDS, 10 µM compactin, 50 µM mevalonate, and 15 g/ml cholesterol/ CDX. The cholesterol/CDX inclusion complexes were prepared as described before ( 14 ) . Transfection of cells with Fugene the association between NPC1L1 and clathrin/AP2, blocks the endocytosis of NPC1L1, and therefore decreases cholesterol uptake ( 14 ) .
Human NPC1L1 protein is an integral membrane protein with 1,332 residues ( 6, 8 ) . It shows approximately 50% sequence homology to Niemann-Pick C1 (NPC1), dysfunction of which causes cholesterol storage disease Niemann-Pick type C ( 17 ) . Human NPC1 is reported to have 13 transmembrane domains, resides in late endosome and lysosome, and functions in LDL-derived cholesterol transport ( 18 ) . Sequences analysis suggests that NPC1L1 contains a signal peptide, multiple N-linked glycosylation sites, and a sterol-sensing domain (SSD) that is conserved in HMG-CoA reductase, NPC1, SCAP, Patched-1, and translocation in renal carcinoma chromosome 8 gene (TRC8) (19) (20) (21) (22) .
In the current studies, we tested a model for the membrane topology of NPC1L1 through protease protection assays and immunofl uorescence in selective permeabilized cells. These data support a model in which NPC1L1 contains 13 membrane-spanning helices. In addition, we demonstrated that ezetimibe-glucuronide, a major metabolite of ezetimibe in vivo, can inhibit the internalization of NPC1L1 and cholesterol. Determining the membrane topology of NPC1L1 provides a map to better explore the mechanism of NPC1L1-mediated cholesterol absorption.
EXPERIMENTAL PROCEDURES

Materials
We obtained horseradish peroxidase-conjugated donkey antimouse and anti-rabbit IgG from Jackson ImmunoResearch Laboratories; Alexa Fluor 555 donkey anti-mouse and anti-rabbit IgG from Invitrogen; mouse monoclonal antibody anti-Myc IgG-9E10 Fig. 1 . Hydropathy plot and predicted membrane topology of human NPC1L1. A: Hydropathy plot of human NPC1L1. The hydropathy profi le of NPC1L1 was analyzed using the software of DNASTAR. The putative transmembrane helices were numbered 1-13. B: Predicted membrane topology of human NPC1L1. The solid lines denote the hydrophilic loops; the rectangles numbered 1-13 denote the membrane-spanning regions with a sterol-sensing domain indicated by the black rectangles 3-7. The numbers pointed by triangles indicate the residues behind which Myc tags were inserted, respectively. NPC1L1, Niemann-Pick C1 Like 1.
by guest, on November 7, 2017 www.jlr.org Downloaded from addition of various amounts of trypsin as indicated to a fi nal volume of 58 l. The samples were incubated at 30°C for 25 min. The reaction was stopped by addition of 400 units of soybean trypsin inhibitor (2 l) and 20 l 4×loading buffer. After boiling for 5 min at 95°C, the samples were subjected to SDS-PAGE and immunoblot analysis.
Immunofl uorescence assay in selectively permeabilized cells
Cells grown on glass coverslips were fi xed with 4% paraformaldehyde for 15 min at room temperature and washed with PBS. For selective permeabilization, cells were incubated in buffer S (10 mM Hepes-KOH at pH7.4, 0.3 M sucrose, 0.1 M KCl, 2.5 mM HD (Roche) was performed according to the manufacture's manual.
Trypsin proteolysis
Cells were harvested, lysed in 0.5 ml buffer C (10 mM Hepes-KOH at pH7.4, 10 mM KCl, 1.5 mM MgCl 2 , 5 mM sodium EDTA, 5 mM sodium EGTA, 250 mM sucrose), and clarifi ed by centrifugation at 1,000 g for 7 min at 4°C. The pellet was discarded, and the supernatant was centrifuged at 12,000 g for 15 min at 4°C. Then, the pellet was resuspended in 70 l buffer A2 (buffer C plus 0.1 M NaCl). Aliquots (52 l) were taken out and supplemented with either 3 l buffer A2 (for no detergent condition) or 3 l 10% Triton X-100 (fi nal concentration 0.5%) following 5 per 60-mm dish. On day 2, cells were transfected with construct of NPC1L1-EGFP/E446-6×Myc-L447. On day 3, cells were harvested, fractionated, and trypsin proteolysis was performed as described under Experimental Procedures. The samples were then mixed with 4× SDS loading buffer, boiled for 5 min at 95°C, subjected to SDS-PAGE, and blotted with antibodies against Myc, cathepsin D, or anti-KDEL (against grp94 and grp78). B: Membrane orientation of the a.a. 861-1112 of NPC1L1. CRL-1601 cells were set up and transfected with construct of NPC1L1-EGFP/S986-3×Myc-L987. After 24 h, the cells were treated as described in (A). The samples were then mixed with 4× SDS loading buffer, boiled for 5 min at 95°C, subjected to SDS-PAGE, and blotted with antibodies against Myc, cathepsin D or anti-KDEL (against grp94 and grp78). C: Immunofl uorescence in selective permeabilized cells. CRL-1601 transiently transfected with constructs of NPC1L1-EGFP or NPC1L1-EGFP/E446-6×Myc-L447 or NPC1L1-EGFP/S986-3×Myc-L987 were grown on glass coverslips, fi xed with 4% paraformaldehyde, and permeabilized with either 50 g/ml digitonin (selective permeabilization) or 0.2% Triton X-100 (complete permeabilization) as described under Experimental Procedures. Then cells were blocked with 1% BSA in PBS and labeled with primary antibodies and fl uorescent secondary antibodies as indicated in the fi gure. Immunofl uorescence microscopy was performed using an Olympus BX51 microscope. None, no permeabilization; selective, selective permeabilization; complete, complete permeabilization. Scale bar = 10 m.
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nol and diluted to a concentration of 50 g/ml with PBS containing 10% FBS. Cells were stained with 50 g/ml fi lipin in the dark for 30 min at room temperature followed by three washes with PBS. Filipin signals of stained cells were analyzed with a Leica TCS SP5 confocal microscope equipped with a two-photon laser using an excitatory wavelength of 720 nm. Red pseudocolor was assigned to show the fi lipin signal. In each experiment, images of the same channel were acquired at identical laser output, gain and offset. Fluorescence quantifi cation was carried out as previously described ( 14 ) .
RESULTS
Predicted membrane topology of human NPC1L1
To predict the potential transmembrane domains of human NPC1L1, we used the software DNASTAR to calculate MgCl 2 , 1 mM sodium EDTA) containing 50 g/ml digitonin for 3 min on ice. For complete permeabilization, cells were incubated in PBS containing 0.2% Triton X-100 for 5 min at room temperature. After permeabilization, cells were incubated in blocking buffer (PBS plus 1% BSA) for 30 min at 4°C. Myc or EGFP was detected by incubating cells in blocking buffer containing 1.3 g/ml anti-Myc antibody or 0.5 g/ml anti-EGFP antibody for 1 h at 4°C, followed by washing with PBS and additional incubating in blocking buffer containing fl uorescent secondary antibodies for 40 min at 4°C. Immunofl uorescence microscopy was carried out using an Olympus BX51 microscope. In each experiment, images of the same channel were acquired at identical laser output, gain, and offset.
Filipin staining and fl uorescence quantifi cation
Cells were fi xed with 4% paraformaldehyde for 30 min at room temperature after each treatment and washed three times with PBS. A fresh 5 mg/ml fi lipin stock solution was prepared in etha- Fig. 3 . Membrane orientation of Myc epitopes in NPC1L1 as determined by immunofl uorescence in selectively permeabilized cells. CRL-1601 grown on glass coverslips were transfected with constructs as shown in A-G. None, selective or complete permeabilization were performed as in Figure 2C . After permeabilization, cells were labeled with antibodies against Myc or EGFP followed by fl uorescent secondary antibody. Immunofl uorescence microscopy was performed using an Olympus BX51 microscope. Scale bar = 10 m.
by guest, on November 7, 2017 www.jlr.org Downloaded from assay was carried out as in Fig. 2A . In the absence of Triton X-100, NPC1L1 was resistant to trypsin and a protected fragment of ‫ف‬ 60 kDa was observed ( Fig. 2B , upper panel,  lanes 4-7) . At high dosage of trypsin, NPC1L1 was completely digested in the presence of Triton X-100 ( Fig. 2B , upper  panel, lanes 13 and 14) . The patterns of grp94 and cathepsin D were similar to that of NPC1L1 ( Fig. 2B , middle and lower panels), indicating that the orientation of the a.a. 861-1112 fragment of NPC1L1 was luminal.
To further study the membrane orientation of NPC1L1, we established an immunofl uorescence assay in which the cells were treated using one of the following conditions: (1) no permeabilization (absence of detergent); (2) selective permeabilization of the plasma membrane (50 g/ml of digitonin); or (3) complete permeabilization (0.2% Triton X-100). As shown in the fi rst set of panels ( Fig. 2C) , its hydropathy plot. Based on the computational result, NPC1L1 was predicted to contain 13 transmembrane segments ( Fig. 1A ) . According to this analysis, the membrane topology graph for NPC1L1 was generated ( Fig. 1B) . The transmembrane helices corresponded to the hydrophobic sequences 1-13 in the hydropathy plot. The NH 2 -terminus of NPC1L1 was proposed to extend into the lumen, while the COOH-terminus projected to the cytosol. In addition, NPC1L1 was predicted to contain three large luminal loops (a.a. 1-287, a.a. 369-633 and a.a. 861-1112), the second of which has been reported to bind ezetimibe ( 13 ) . The sterolsensing domain spanning transmembrane domains 3-7 showed similarity to the fi ve other SSD-containing proteins: HMG-CoA reductase, NPC1, SCAP, Patched-1, and TRC8. of a.a. 369-633 and a.a. 861-1112 
Membrane orientation
of NPC1L1
To determine the membrane orientation of the a.a. 369-633 fragment (predicted as the second large luminal loop) of NPC1L1, we constructed a vector encoding NPC1L1 with a COOH-terminal EGFP tag and a 6-copy of Myc tag (6×Myc) inserted between 446 and 447 residue (NPC1L1-EGFP/E446-6×Myc-L447), which we used to perform trypsin protection assay ( Fig. 1B ) . CRL-1601 was transiently transfected with NPC1L1-EGFP/E446-6×Myc-L447 expression plasmid. The intact membrane vesicles were isolated and treated with increasing amounts of trypsin in the absence or presence of Triton X-100. The samples were then subjected to SDS-PAGE followed by immunoblot with indicated antibodies. In the absence of Triton X-100, NPC1L1 showed resistance to trypsin digestion ( Fig. 2A , upper  panel, lanes 1-5) and a protected fragment of ‫ف‬ 75 kDa was yielded ( Fig. 2A , upper panel, lanes 4 and 5) . In the presence of Triton X-100, NPC1L1 was destroyed by trypsin and no protected fragment was generated ( Fig. 2A , upper  panel, lanes 9 and 10) . These results indicated that the Myc epitope was located within the lumen. As controls, we utilized the antibody against KDEL to detect two ER luminal proteins, grp78 and grp94, both of which have the common KDEL sequences ( Fig. 2A , middle panel) . Grp94 was resistant to trypsin proteolysis in the absence of detergent ( Fig. 2A , middle panel, lanes 1-5) . But in the presence of Triton X-100, the KDEL signal of grp94 was digested at high dosage of trypsin ( Fig. 2A , middle panel,  lanes 9 and 10) . This pattern was identical to that of NPC1L1 detected by anti-Myc antibody. Unlike grp94, grp78 was not digested by trypsin either in the absence or presence of detergent, as grp78 is a intrinsic trypsin-resistant protein ( 21, 24 ) . Cathepsin D, a protein in lysosome, was used as another control to validate the integrity of vesicles ( Fig. 2A , lower panel) . Cathepsin D showed a similar pattern to that of NPC1L1 ( Fig. 2A , lower panel, lanes 9 and 10). These data indicated that the a.a. 369-633 loop of NPC1L1 was located in the lumen.
We next used NPC1L1-EGFP/S986-3×Myc-L987 to test the membrane orientation of the a.a. 861-1112 loop (the predicted third large luminal loop) of NPC1L1 ( Fig. 1B ) . CRL-1601 cells were transfected with NPC1L1-EGFP/S986-3×Myc-L987 expression construct and trypsin protection constructs, and immunofl uorescence assay was carried out following the indicated permeabilization conditions. NPC1L1 protein was detected with anti-Myc antibody and a fl uorescein-conjugated secondary antibody. As a control, the anti-EGFP staining was also performed to measure the orientation of the COOH-terminus of NPC1L1 in the following individual experiment. The Myc tag was detected in the complete permeabilized cells but not in the selective permeabilized cells, when either NPC1L1-EGFP/ E446-6×Myc-L447 or NPC1L1-EGFP/S986-3×Myc-L987 was transfected ( Fig. 2C , the second and third sets of panels). Consistent with the protease protection results ( Fig. 2A and 2B ), these immunofl uorescence data showed tubulin, a cytoplasmic protein was detected in both selective and complete permeabilization conditions. However, anti-KDEL immunofl uorescent signal was observed in the complete permeabilized but not in selective permeabilized cells. EGFP that was fused to the C-terminal of NPC1L1 was stained in both selective and complete permeabilization conditions ( Fig. 2C , the fi rst set of panels) . Altogether, these data demonstrated the specifi city of the cell permeabilization protocol and indicated the COOH-terminus of NPC1L1 projected to cytosol.
To further confi rm the luminal orientation of a.a. 369-633 fragment and a.a. 861-1112 fragment of NPC1L1, CRL-1601 cells were transfected with different expression 
Inhibition of the internalization of NPC1L1 and cholesterol by Glucuronidated ezetimibe
After oral taken-up, ezetimibe is rapidly glucuronidated. The ezetimibe-glucuronide (ezetimibe-Gluc) can inhibit cholesterol absorption as potently as ezetimibe ( 25, 26 ) . Our previous studies have demonstrated that ezetimibe inhibits cholesterol uptake by blocking the endocytosis of NPC1L1 ( 14 ) . To test whether ezetimibe-Gluc acts by the similar mechanism, we measured cholesterol uptake by that the a.a. 369-633 and a.a. 861-1112 fragments of NPC1L1 resided in lumen.
Localization of epitopes in full-length NPC1L1
To further dissect the membrane orientation of the hydrophilic domains of NPC1L1, Myc tag (3×Myc) was inserted into the different positions of NPC1L1-EGFP ( Fig.  1B ) . Next, the cells were transfected with the indicated constructs, permeabilized under different conditions, and stained with anti-Myc or anti-EGFP antibodies. As shown in Fig. 3A , Myc tag between A147 and G148 was detected in complete, but not selective, permeabilization. These data suggested that the NH 2 -terminus of NPC1L1 resided in lumen.
When Myc tag was inserted after L336, M661, G729, P815, R1136, and K1194, anti-Myc staining could be observed in both selective and complete permeabilization conditions ( Fig. 3B-G ) . These results illustrated that at these positions, Myc tags were located in cytosol. For every Myc-epitoped protein, anti-EGFP staining showed that their COOH-termini resided in cytosol ( Fig. 3B-G ) , suggesting that the Myc insertion did not alter the topology of NPC1L1 protein.
Localization of EGFP epitopes in truncated NPC1L1
To verify the orientation of the loop between the ninth and tenth transmembrane domain (TM) and the loop between TM 11 and 12, two truncated NPC1L1 constructs, which encode the NH 2 -terminus to TM 9 and the NH 2 -terminus to TM 11 fragments with a fused COOH-terminal EGFP, were expressed and analyzed as described above. In both cases, EGFP tags were undetected in nonpermeabilized cells but were strongly stained in selective or complete permeabilization conditions ( Fig. 4A and 4B ). These observations were consistent with the immunofl uorescence results of NPC1L1-EGFP/R1136-3×Myc-S1137 and NPC1L1-EGFP/K1194-3×Myc-P1195 ( Fig. 3F and 3G ) , showing that these domains were located in the cytosol.
Sterol-regulated recycling of epitope-tagged NPC1L1
In previous studies, we have shown that the subcellular localization of NPC1L1 protein is regulated by cholesterol ( 14 ) . Cholesterol depletion induces the translocation of NPC1L1 to PM, and cholesterol replenishing causes the internalization of NPC1L1 and cholesterol ( 14 ) . To analyze whether the epitope insertion changed the function of NPC1L1, we transfected CRL-1601 cells with the plasmids, encoding different epitope-tagged forms of NPC1L1-EGFP. When cells were depleted of cholesterol for 60 min, the majority of NPC1L1-EGFP and NPC1L1-EGFP/S986-3×Myc-L987 were relocated to PM, and cholesterol replenishing caused their internalization ( Fig. 5A , panels 1 and  8) . The NPC1L1-EGFP forms with the insertion of the 3×Myc epitope after L336 and P815 showed partial regulation by cholesterol ( Fig. 5A , panels 3 and 7) . However, epitope insertion at other positions (A147, E446, M661, G729, R1136, and K1194) of NPC1L1 severely impaired the sterol-regulated recycling of NPC1L1 ( Fig. 5A , panels 2, 4, 5, 6, 9, and 10). ferent positions of NPC1L1. To rule out the possibility that these epitope insertions changed the topology of NPC1L1, we analyzed the membrane orientation of the COOH-terminal EGFP tag in all of the immunofl uorescence experiments and tested whether they are functional by measuring the cholesterol-regulated recycling. The results showed that the COOH-terminal EGFP of the tag-inserted NPC1L1-EGFP protein was always localized in cytosol, suggesting the epitopes insertion did not alter the topology of NPC1L1. NPC1L1 with insertions after L336, P815, and S986 can recycle between ERC and PM in response to cholesterol alterations, indicating these insertions do not change the topology and function of NPC1L1. However, epitopes insertion at other positions (A147, E446, M661, G729, R1136, and K1194) of NPC1L1 dramatically impaired the cholesterol-regulated recycling, suggesting the domains (loops) where the tags were inserted are essential for NPC1L1's function. Although these tag-inserted forms of NPC1L1-EGFP showed correct localization of EGFP, we cannot exclude the possibility that the insertion of tags at these positions affects the even numbers of TM regions, which changes the NPC1L1 topology but not the localization of the C-terminal EGFP tag. NPC1L1 in our established cellular system ( 14 ) . Cholesterol-depleted cells were treated with increasing concentrations of ezetimibe or ezetimibe-Gluc, followed by cholesterol replenishment. Both ezetimibe and ezetimibeGluc inhibited NPC1L1 endocytosis in a concentrationdependent manner ( Fig. 6B ) . Meanwhile, the inward transport of cholesterol was greatly diminished by both compounds ( Fig. 6B and 6C ).
DISCUSSION
The current study defi nes the membrane topography of NPC1L1, an endocytic recycling protein that mediates biliary and dietary cholesterol uptake in the liver and intestine. As summarized in Fig. 7 , NPC1L1 contains 13 membrane-spanning segments. The NH 2 -terminus of NPC1L1 with a predicted signal peptide faces the lumen or extracellular matrix, whereas the COOH-terminus projects to the cytosol. NPC1L1 contains 7 small cytoplasmic segments (four small and three large luminal loops).
The topologic model of NPC1L1 is based on the analysis of membrane orientation of the epitopes inserted at dif- The defi ned topological structure will aid the functional characterization of NPC1L1. Previous studies have shown that NPC1L1 is a multi-functional protein. Its subcellular localization is dynamically regulated by cholesterol ( 14, 16 ) . The inward transport of NPC1L1 depends on clathrin/AP2 complex ( 14 ) . The cytosolic portions of NPC1L1 may provide binding sites for the proteins that are responsible for vesicular traffi cking. Ezetimibe is a clinically used cholesterol absorption inhibitor that physically interacts with NPC1L1 and inhibits its function. The ezetimibe-binding domain in NPC1L1 has been mapped to the predicted loop C, which corresponds to the second luminal loop in our model ( 13 ) . Importantly, we have shown that ezetimibe prevents the binding of NPC1L1 to clathrin/AP2 ( 14 ) . It will be interesting to study how the binding of ezetimibe in the extracellular loop prevents the intracellular association of NPC1L1 and clathrin/AP2.
We have shown that NPC1L1 facilitates cholesterol uptake via vesicular endocytosis, and ezetimibe acts by preventing the internalization of NPC1L1 in cultured cell system ( 14 ) . After in vivo administration, ezetimibe is rapidly glucuronidated and recycled by the enterohepatic circulation ( 27 ) . Here we provide experimental evidence that ezetimibe-Gluc can inhibit the internalization of NPC1L1 and cholesterol as potently as ezetimibe. These data indicate that ezetimibe inhibits cholesterol absorption by blocking NPC1L1's endocytosis in vivo.
The membrane topology of NPC1L1 is similar to that of NPC1, and the putative SSD of NPC1L1 is oriented in the same manner as those of NPC1, HMGCR, and SCAP (20) (21) (22) . These results indicate that NPC1L1 may have similar function and is regulated similarly to NPC1, HMGCR, and SCAP. The SSDs are important for the functions of NPC1, HMGCR, and SCAP, all of which are involved in different aspects of cholesterol metabolism. High levels of sterols promote the binding of Insig proteins to the SSDs of HMGCR and SCAP that result in the ER-associated degradation of HMGCR and ER-retention of SCAP-SREBP complex (28) (29) (30) . It has been demonstrated that cholesterol directly binds the SSD of SCAP, induces the conformational changes, and therefore promotes the interaction of SCAP with Insig ( 4 ). It is yet unknown whether the SSD of HMGCR binds sterols directly. However, NPC1 can bind cholesterol via its SSD that is important for its function in cholesterol transport ( 31 ) . Recently, it was found that besides SSD, NPC1 can bind cholesterol and oxysterol through its luminal NH 2 -terminal domain although the sterol binding site on this domain is not essential for NPC1's function in fi broblasts ( 32, 33 ) . We have shown that cholesterol induces the clathrin-dependent endocytosis of NPC1L1. The topological resemblances of NPC1L1 to NPC1 and other SSD-containing proteins inspires us to hypothesize that the free cholesterol may bind NPC1L1 via the fi rst luminal loop or SSD and induce the conformational change that exposes the cytosolic binding site for clathrin/AP2. Then NPC1L1 and cholesterol can be internalized into the cells. More studies are needed to fully elucidate this hypothesis. The defi ned topological structure of NPC1L1 will greatly facilitate the future functional and mechanistic studies on NPC1L1.
